Introduction
Trichloroethylene (TCE) is a widely used associated with a number of several adverse agent in dry cleaning, paint stripping, and health effects, including liver, kidney, and industrial cleaning that is of particular central nervous system toxicity (2) . The toxinterest to Superfund deanup efforts. It is a icity of these chemicals appears to be common and persistent environmental enhanced by their metabolism catalyzed by pollutant, and has been found in over one-liver cytochrome P450 (CYP) enzymes, third of hazardous waste sites and in 10% of which produce multiple reactive and/or groundwater sources (1) . Exposure to TCE toxic metabolites (3) . These metabolites and related chlorinated hydrocarbons is may act, at least in part, via peroxisome Abbreviations used: ADIOL-S, 5-androstene-3,, 17p-diol 3p-sulfate; CYP, cytochrome P450; DCA, dichloroacetic acid; DHEA, dehydroepiandrosterone; DHEA-S, DHEA 3,Bsulfate; DMEM, Dulbecco's modified Eagle's medium; PPAR, peroxisome proliferator-activated receptor; PPARa knockout mice, (-/-), PPARa wild-type mice, (+); RXR, retinoid X receptor; TCA, trichloroacetic acid; TCE, trichloroethylene; Wy-14,643, pirinixic acid.
proliferator-activated receptor (PPAR), a ligand-activated transcription factor that belongs to the steroid receptor superfamily (4) . Three mammalian PPAR subtypes, (X, 6 (or Nuci,) and y, have been identified. Gene knockout studies in the mouse model demonstrate that PPARa, which is highly expressed in liver, is responsible for the proliferative effects of chemical peroxisome proliferators such as clofibrate (5) . By contrast, PPAR8/Nucl is expressed in many cell types, whereas PPARy is abundant in adipose tissues where it plays an important role in adipocyte differentiation (6) . The present study investigates the role of TCE and its metabolites in activation of PPAR protein using a transient transfection assay. As reported below, the peroxisome proliferative effects of TCE are mediated by PPARa via its interactions with TCE's acidic metabolites, trichloroacetic acid (TCA), and dichloroacetic acid (DCA).
To elucidate the role of PPAR in the pathophysiologic effects of TCE and its metabolites, it is additionally important to understand the physiologic effects of PPARa activation by endogenous regulators. Such information may help identify any synergistic or antagonistic interactions between endogenous peroxisome proliferators and chlorinated hydrocarbons at the level of PPAR receptor activation. One such potential endogenous PPAR activator is dehydroepiandrosterone (DHEA), a naturally occurring adrenal steroid with known peroxisome proliferative potential (7) . DHEA is distinguished from other steroids by its chemoprotective properties (8, 9) . DHEA can also stimulate a dramatic increase in both the size and number of peroxisomes in liver when given to rodents at high doses. This response is accompanied by a substantial increase in peroxisomal 5-oxidation and fatty acid-metabolizing CYP4A enzymes (10) (11) (12) (13) (14) . Moreover, chronic administration of DHEA can lead to hepatocarcinogenesis (15) . The cellular mechanism(s) underlying the DHEAinduced peroxisome proliferative effect is poorly understood. In primary rat hepatocytes, DHEA is inactive as a peroxisome proliferator unless it is first metabolized to the corresponding 31-sulfate (DHEA-S) (16, 17) . Recent studies on male workers chronically exposed to TCE have shown that increased plasma levels of DHEA-S are associated with years of exposure to TCE, rising from 255 to 718 ng/ml for workers exposed to TCE for less than 3 and greater than or equal to 7 years, respectively (18 
PPAR Knockout Mice
Male PPARa (-/-) mice or (+/+) (F3 homozygotes or wild-type; hybrids of C57BL/6N x ISV129 genetic background; 10-12 weeks of age) (5) were injected with either DHEA-S or clofibrate (Sigma) at 15 mg/100 g body weight or corn oil (vehicle control) for 4 consecutive days by intraperitoneal injection (22) . Twenty-four hours after the final injection, mice were killed by carbon dioxide asphyxiation, and the liver and kidneys were removed and used for isolation of microsomes.
Analysis ofMicrsomal CYP4A Protein Expression Liver microsomes prepared from frozen tissues by differential centrifugation were analyzed by Western blotting using polyclonal antirat CYP4A antibody raised to a di(2-ethylhexyl)phthalate-inducible rat liver CYP4A protein related to CYP4A1. This antibody has been characterized elsewhere (27) and was provided by R.T. Okita (Washington State University, Pullman, WA).
Results

Chlorinated Hydrocarbons and Peroxisome Proliferation
Rodent bioassays establish that TCE is a complete hepatocarcinogen, with chronic exposure to TCE leading to hepatocellular carcinoma development (28, 29) . The hepatotoxicity and carcinogenicity of TCE appears to be related directly to the extent of its oxidative metabolism, which is primarily catalyzed by liver CYP enzymes and yields multiple reactive and toxic metabolites (Figure 1 ). At least some of these active metabolites may achieve their deleterious effects via a mechanism that involves peroxisome proliferation (28) . Peroxisome proliferation is a trophic phenomenon in the liver, originally described after administration of the hypolipidemic drug clofibrate to rodents (30) . This proliferative response is characterized in the short term by a dramatic increase in both the size and number of peroxisomes. It is also associated with upregulation of peroxisomal fatty acid n-oxidation enzymes and microsomal P4504A fatty acid hydroxylase enzymes as well as increased cell differentiation and liver weight gain. Chronic exposure to peroxisome proliferators leads to hepatocellular carcinoma. A broad spectrum of structurally diverse compounds, including certain hypolipidemic drugs, herbicides, industrial solvents, and the adrenal steroid DHEA, has been shown to induce peroxisome proliferation. These peroxisome proliferators stimulate liver growth and tumor formation by a nongenotoxic mechanism, i.e., one that does not involve DNA damage caused by the peroxisome proliferators or their metabolites (31) . PPAR, a ligand-activated transcription factor and a member of the steroid receptor superfamily, has been shown to be activated by diverse peroxisome proliferators and can thus mediate their peroxisome proliferative effects (19) .
Activation ofPPARa by Chlorinated
Hydrocarbons
Trichloroacetic acid and dichloroacetic acid are secondary metabolites of TCE (32) . TCA, in particular, has been implicated as a key hepatocarcinogenic metabolite of TCE and is believed to act by inducing peroxisome proliferation (33 (16) raised the possibility that DHEA sulfation, catalyzed by liver sulfotransferase enzymes, is a prerequisite for DHEA to attain its peroxisome proliferative effects. To investigate this possibility, studies were conducted to determine whether DHEA-S is preferred to DHEA with respect to CYP4A induction in vivo (22) . DHEA-S given at a low dose (10 mg/kg daily for 4 days) was found to be substantially more active than DHEA with respect to liver CYP4A3 mRNA induction. This finding is consistent with the observation that acetaminophen, an inhibitor of sulfate conjugation, reduces the peroxisomal n-oxidation activity induced by DHEA, but does not affect the activity induced by DHEA-S and clofibrate (17) . By contrast, at a higher dose of steroid (60 mg/kg), DHEA and DHEA-S were equally active at inducing a ( Figure 3 (20, 24) . Several mechanisms could explain the discrepancy between the findings from the in vivo study and transient cell transfection experiments: a) Other factors that may be necessary for DHEA-S induction of peroxisome proliferation in vivo may be absent from the in vitro PPAR trans-activation system. b) DHEA-S might act in liver or other tissues to stimulate production of another endogenous chemical that serves as a proximal PPARa activator. c) The entry of DHEA-S into cells may require a specific plasma membrane transporter that is known to be present in hepatocytes (40) , but may be absent in COS-1 and other cell types used for PPAR transfection studies. Finally, d) DHEA-S may be converted to an activated metabolite by a metabolic process which occurs in hepatocytes but not in the cell lines used for transfection studies.
In conclusion, the findings summarized in this report establish that oxidized metabolites of TCE and other chlorinated hydrocarbons, including TCA and DCA, activate mouse PPARa. In vivo experiments further establish that PPARa is an obligatory mediator of the hepatic gene induction effects of the endogenous steroidal peroxisome proliferator DHEA-S. Further investigation will be necessary to elucidate any interactions that may occur between DHEA-S and chlorinated hydrocarbons at the level of receptor activation, and to determine whether this potential for DHEA-S and its metabolites to serve as physiologic modulators of liver fatty acid metabolism and peroxisomal enzyme expression contributes to the anticarcinogenic and other beneficial chemoprotective properties of this intriguing class of endogenous steroids.
